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https://doi.org/10.1016/j.stemcr.2020.07.019SUMMARYTheWnt/b-catenin signaling pathway is a key regulator of embryonic stem cell (ESC) self-renewal and differentiation. Constitutive acti-
vation of this pathway has been shown to increase mouse ESC (mESC) self-renewal and pluripotency gene expression. In this study, we
generated a novel b-catenin knockout model in mESCs to delete putatively functional N-terminally truncated isoforms observed in pre-
vious knockout models. We showed that aberrant N-terminally truncated isoforms are not functional in mESCs. In the generated
knockout line, we observed that canonical Wnt signaling is not active, as b-catenin ablation does not alter mESC transcriptional profile
in serum/LIF culture conditions. In addition, we observed thatWnt signaling activation represses mESC spontaneous differentiation in a
b-catenin-dependent manner. Finally, b-catenin (DC) isoforms can rescue b-catenin knockout self-renewal defects in mESCs cultured in
serum-free medium and, albeit transcriptionally silent, cooperate with TCF1 and LEF1 to inhibit mESC spontaneous differentiation in a
GSK3-dependent manner.INTRODUCTION
b-Catenin regulates different cellular processes spanning
from development to cancer progression. In addition to its
central role in adherens junctions, b-catenin is the key
effector of the canonical Wnt signaling pathway. Exposure
to canonicalWnt ligands, such asWNT3Aor small-molecule
inhibitors of GSK3 activity, triggers b-catenin stabilization
and its nuclear translocation. In the nucleus, b-catenin
acts as a scaffolding protein for transcriptional co-factors
such as TCF/LEF family members, thereby activating the
expression ofWnt target genes.Over the past years, accumu-
lating evidence highlighted a key role for Wnt/b-catenin
signaling in sustaining self-renewal, pluripotency, and cell-
cycle progression of mouse embryonic stem cells (mESCs)
(De Jaime-Soguero et al., 2017; Sato et al., 2004; Ten Berge
et al., 2011) and in regulating somatic cell reprogramming
(Aulicino et al., 2014; Lluis et al., 2008, 2011; Marucci
et al., 2014). Despite its importance in mESC physiology,
b-catenin knockout mESC lines developed so far show no
defects in self-renewal or pluripotency marker expression
when cultured in a medium containing serum plus the leu-
kemia inhibitory factor (LIF), but display a strict LIF require-
ment for pluripotency maintenance and fail to efficientlyStem C
This is an open access article under the Cdifferentiate in vitro (Lyashenko et al., 2011; Wray et al.,
2011). Surprisingly, LIF dependency can be rescued by tran-
scriptionally defective b-catenin isoforms (DC mutants),
challenging the hypothesis that b-catenin transcriptional
activity could be relevant for mESC pluripotency and self-
renewal (Lyashenko et al., 2011; Wray et al., 2011). More
recently, however, it has been demonstrated that the most
widely used inducible b-catenin knockout alleles lead to
the production of uncharacterized N-terminally truncated
b-catenin isoforms (DN b-cat) during pre-implantation em-
bryo development (Messerschmidt et al., 2016).
Here, we confirmed the production of DN b-cat isoforms
in mESCs and generated a novel b-catenin full knockout
model in mESCs using CRISPR/Cas9. We found that com-
plete b-catenin deletion produces similar phenotypes
observed in the previously described knockout models
retaining DN b-cat fragments, suggesting that N-terminally
truncated isoforms are biologically inactive. We further-
more analyzed the impact of b-catenin loss at transcrip-
tomic level, in presence or absence of GSK3 chemical
inhibition. Our results show that the Wnt/b-catenin
pathway is not transcriptionally active in mESCs cultured
in serum/LIF. However, uponGSK3 inhibition, we observed
b-catenin-dependent inhibition of differentiationmarkers,ell Reports j Vol. 15 j 1–16 j September 8, 2020 j ª 2020 The Authors. 1
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Inducible b-Catenin Knockout Alleles Produce N-Terminally Truncated Isoforms in mESCs
(A) Schematic representation of murine b-catenin (Ctnnb1) locus and the two loxP alleles used for b-catenin studies in mESCs. Black boxes
represent exons, yellow boxes coding exons, dashed red lines indicate loxP sites, and white boxes represent exons excised upon CRE-
mediated recombination of loxP sites.
(B and C) Western blot (B) and relative quantification (C) of NLC1 and SR18 cell lines upon 72-h 40-hydroxytamoxifen treatment (+4OHT)
and respective untreated controls (CTRs). SR18 untreated cell line is heterozygous for full-length b-catenin deletion. Western blot band
intensities (C) are normalized on NLC1 full-length CTTNB1.
(legend continued on next page)
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unchanged. Finally, we showed that transcriptionally
impaired C-terminally truncated b-catenin rescue isoforms
(DC b-cat) can inhibit mESC differentiation in the absence
of LIF when GSK3 is inhibited, as their full-length counter-
part. However, this phenotype is impaired upon silencing
of TCF1/LEF1, suggesting that DC b-cat isoforms are not
entirely transcriptionally silent and their nuclear function
could depend on TCF/LEF factors.RESULTS
Inducible b-Catenin Knockout Alleles Generate N-
Terminally Truncated Isoforms in mESCs
b-Catenin (Ctnnb1) mRNA includes 15 exons, with an open
reading frame (ORF) spanning from exon 2 to exon 15. Pre-
viously reported b-catenin knockout models in mESCs were
generated using CRE-mediated excision of a DNA fragment
flanked by two LoxP sites encompassing exons 3–6
(Ctnnb1tm4Wbm) or 2–6 (Ctnnb1tm2Kem). Three groups have
independently studied both alleles inmESCs and concluded
that b-catenin is dispensable for mESC self-renewal (Lya-
shenko et al., 2011; Raggioli et al., 2014; Wray et al., 2011).
A recent study reported that, during pre-implantation
embryo development, both these b-catenin knockout al-
leles are flawed by the production of N-terminally trun-
cated (DN) proteins, possibly generated by alternative
splicing (Ctnnb1tm4Wbm) or by a secondary ATG within a
Kozak consensus sequence downstream of the excised re-
gion (Ctnnb1tm2Kem) (Figure 1A) (De Vries et al., 2004; Mes-
serschmidt et al., 2016). Remarkably the production of
these DN b-cat isoforms in mESCs has not been previously
reported (Anton et al., 2007; Lyashenko et al., 2011; Wag-
ner et al., 2010; Wray et al., 2011). We therefore tested
the expression of DN b-cat isoforms by using an antibody
raised against the C-terminal portion of b-catenin in pro-
tein extracts of NLC1 and SR18 mESCs, which harbor the
Ctnnb1tm4Wbm fl/fl and Ctnnb1tm2Kem fl/del alleles, respec-
tively, and stably express the CRE-ERT2. Full-length b-cate-(D) b-Catenin immunofluorescence staining on fixed SR18 or NLC1 pa
raised against the C-terminal portion of b-catenin was used. DAPI wa
(E) Multichannel fluorescence intensity measurement of immunofluo
across the dashed yellow line depicted in (D), merge panel.
(F) Schematic representation of short-hairpin targeted regions (red tr
#2) along the Ctnnb1Tm4Wbm allele.
(G) Western blot of b-catenin of mESCs harboring the Birchmeier b-cate
right) CRE-mediated recombination of the loxP sites. Cells were trans
hairpins against b-catenin mRNA (b1, b2, or b3).
(H) qRT-PCR on total mRNA extracts of Ctnnb1Tm4Wbm fl/fl or Ctnnb1Tm4
Figure 1D. Two different amplicons were amplified to monitor delet
housekeeping control. Error bars represents standard deviation of tecnin was successfully excised upon 4-hydroxytamoxifen
(4OHT) treatment in both cell lines, and DN b-cat isoforms
with a molecular weight of approximately 48 and 52 kDa,
respectively, were detected upon CRE recombination (Fig-
ures 1B and 1C). Immunofluorescence staining did not
show any clear subcellular localization of DN isoforms,
which instead appeared distributed among cytoplasm
and nuclei showing little or nomembrane localization (Fig-
ures 1D and 1E).
To assess if N-terminally truncated isoforms were a prod-
uct of the Ctnnb1 genomic locus and not a mere technical
artifact, we designed three different short hairpins against
three different regions of b-cateninmRNA (b1-3) (Figure 1F)
to silence b-catenin in both knockout (del/del) and parental
(fl/fl) mESCs (NLb-12tm4Wbm background). A scrambled
short hairpin (shSCR) was used as control. All the short hair-
pins successfully induced knockdown of b-catenin at pro-
tein level (Figure 1G) in wild-type cells, while N-terminally
truncated isoforms were depleted efficiently by b1 and b3
but not by b2, which targets the portion of mRNA excised
upon CRE-mediated recombination. The same results were
confirmed analyzing b-cateninmRNA levels by qRT-PCR us-
ing two different primer pairs targeting the CRE-excised re-
gion (Figure 1H, left panel), and the 30 UTR (Figure 1H, right
panel). The oligonucleotides targeting the excised region
failed to detect b-catenin mRNA in knockout cells, while
the ones designed on the 30 UTR revealed thatmRNA regions
downstream of the excision had comparable expression
levels in wild-type (NLb-12 fl/fl shSCR) and knockout
(NLb-12 fl/fl del/del shSCR) cells and were efficiently
silenced only by b1 and b3 but not, as expected, by b2 (Fig-
ure 1H). Importantly, we never observed DN isoforms in
wild-type cells, including cells expressing short hairpins tar-
geting b-catenin, indicating that they are only produced
upon recombination of Ctnnb1 locus.
Next, we characterized SR18 cells (Ctnnb1tm2Kem fl/del)
upon b-catenin CRE-mediated deletion (Raggioli et al.,
2014). Upon 4OHT treatment and consequent b-catenin
deletion, clone morphology and alkaline phosphatase
(AP) expression (Figure S1A), as well as Nanog and Oct4rental cell lines or upon 72-h +4OHT treatment. A primary antibody
s used to counterstain nuclei. Scale bar represents 50 mm.
rescence images in (D). Image quantification has been performed
iangles, b1, b2, and b3) and qRT-PCR amplicons (blue lines, #1 and
nin allele after (Ctnnb1Tm4Wbmdel/del; left) or before (Ctnnb1Tm4Wbm fl/fl;
duced with a control short hairpin (shCtr) or three different short
Wb del/del cells transduced with the short-hairpin constructs used in
ed region (Ctnnb1 #1) or 30 UTR (Ctnnb1 #2). GAPDH was used as
hnical triplicates.
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firming earlier results (Lyashenko et al., 2011; Wray et al.,
2011). The lack of morphological changes upon b-catenin
deletion was likely due to compensatory effects by the up-
regulation of PLAKOGLOBIN (Figure S1C), as reported by
Lyashenko et al. (2011) and Wray et al. (2011). Further-
more, no changes were detected in the protein levels of plu-
ripotency markers (NANOG, OCT4, SOX2) (Figures S1D
and S1E). Although these results show that b-catenin loss
does not affect morphology and pluripotency markers
(confirming results in Lyashenko et al., 2011; Wray et al.,
2011), we asked whether the DN isoforms, produced by
Ctnnb1tm2Kem or the Ctnnb1tm4Wbm alleles, could be respon-
sible for the maintenance of the observed mESC
phenotype.
Generation of a New b-catenin Knockout Model in
mESCs Using CRISPR/Cas9 Technology
We generated a full b-catenin knockout mESC line via
CRISPR/Cas9 technology. As the presence of DN b-catenin
isoforms could be due either to an alternative splicing or to
the presence of a secondary ATG on exon VII (Figure 1A),
we designed two different single-guide RNA (sgRNA) pair-
wise combinations (sgRNA1+sgRNA3 and sgRNA2+sgRNA3,
resulting in 5,287-bp and 4,970-bp deletion, respectively,
Figure S1F) to induce deletions spanning both alternative
splicing sites and the entire exon VII. While the editing effi-
ciency of sgRNA2+sgRNA3 was low, sgRNA1+sgRNA3
induced the deletion in a high percentage of cells (Fig-
ure S1G) with a significant loss of full-length b-catenin pro-
tein in the pool of transfected cells (Figures S1H and S1I).
The deletion generated by sgRNA1+sgRNA3 resulted in the
production of a new DN isoform with a lower molecular
weight (40 kDa) with respect to the N-terminally truncated
isoforms produced by Ctnnb1tm2Kem (48 kDa) or the
Ctnnb1tm4Wbm (52 kDa) alleles (Figure S1H). The generation
of this new DN isoform could only be explained by the pres-Figure 2. CRISPR/Cas9-Mediated Excision of Whole Ctnnb1 Locus
(A) Schematic representation of sgRNA design for CRISPR/Cas9-me
indicate sgRNAs target sites. Blue triangles indicate position and ori
(B) PCR genotyping of three homozygous b-catenin knockout clones (
size is 951 bp for wild-type (wt) alleles and 551 bp for knockout alle
(C) Western blot of total protein extracts from Eb11, Eb15, Eb47, and w
a C-terminally raised antibody), stripped and re-probed for TUBULIN
(D–G) Immunofluorescence in fixed parental E14, Eb11, Eb15, and Eb
and NANOG (G). DAPI was used to counterstain nuclei. Scale bar repr
(H) Phase contrast pictures of Eb11, Eb15, Eb47, and parental E14 clo
(right) in serum/LIF. Cells were seeded at 4 3 105 cells/well density
(I) Phase contrast pictures of AP staining on E14, Eb11, Eb15, and Eb
left) or Chiron 3 mM (right) for 5 days; 300 cells were seeded in each
(J) Histogram of qRT-PCR data on total RNA extracts of E14, Eb11, Eb
Chiron 3 mM; 2DCt are represented, and GAPDH was used as internal c
replicates.ence of alternative downstream ATG sites, which, however,
were not predictable a priori.
In order to eliminate any possible undesired gene-editing
product, we sought to induce a 10-kb deletion encompass-
ing the whole gene body. For this aim, we used an addi-
tional couple of sgRNAs (sgRNA4+sgRNA5), targeting the
Ctnnb1 locus upstream of the canonical ATG and within
a portion of the last coding exon (XV), respectively (Fig-
ure 2A). Successful gene editing was confirmed at pool
levels by PCR genotyping (Figure S2A). The pool of trans-
fected cells did not show any expansion defect or cell
detachment. Single-cell clones were picked, expanded,
and finally three independent cloneswere isolatedwith ho-
mozygous deletions, Eb11, Eb15, and Eb47. All three clones
carried homozygous deletion of a 9.7-kb region as assessed
by PCR genotyping and Sanger sequencing (Figures 2B and
S2B and Supplemental DNA sequences) encompassing the
whole b-catenin coding sequence (CDS), therefore prevent-
ing Ctnnb1 locus rearrangement.
Western blot analysis with an antibody raised against the
C-terminal portion of b-catenin revealed the absence of
any DN isoform in all the analyzed clones (Figure 2C);
this, together with the absence of any detectable signal
by immunofluorescence (Figure 2D), confirmed the com-
plete b-catenin depletion in the newly generated clones.
These data demonstrate that, regardless of the gene-edit-
ing technology used (CRE-mediated excision or CRISPR/
Cas9), the gene-editing by-product cannot be easily
predicted, and that complete locus ablation is a viable alter-
native to avoid undesired protein rearrangements.
Complete b-Catenin Loss DoesNot Affect Self-Renewal
and Pluripotency Marker Expression in mESCs
Cultured in Serum/LIF
In order to characterize the impact of complete b-catenin
ablation in mESCs, we analyzed the newly generated cell
lines for proliferation, self-renewal, and pluripotencyResults in a Complete b-Catenin Knockout Model in mESCs
diated excision of whole b-catenin coding sequence. Red arrows
entation of oligonucleotides used for PCR genotyping.
Eb11, Eb15, and Eb47) and parental E14 mESCs. Expected amplicon
les (del).
ild-type E14 cells. Protein extracts were probed for b-catenin (using
as loading control.
47 cells for b-catenin (D), PLAKOGLOBIN (E), E-CADHERIN (F), OCT4
esents 50 mm.
nes upon 72-h vehicle (0.3% DMSO, left) or Chiron 3 mM treatment
in 6-well plates. Scale bar represents 50 mm.
47 cells cultured in serum/LIF in presence of vehicle (0.3% DMSO,
well of a 6-well plate. Scale bar represents 50 mm.
15, and Eb47 cells exposed to vehicle (0.3% DMSO, black bars) or
ontrol. Error bars represents standard deviations of three technical
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conditions. b-Catenin is normally found at the plasma
membrane, where it physically interacts with E-CAD-
HERIN and A-CATENIN connecting adherens junctions
to the actin cortex. As in Lyashenko et al. (2011) and
Wray et al. (2011), Eb11, Eb15, and Eb47 clones did not
show major morphological defects; PLAKOGLOBIN levels
were upregulated in response to b-catenin loss (Figures
2E, S2C, and S2D), while E-CADHERIN localization and
expression levels remained unchanged (Figures 2F and
S2E). We did not detect any difference in the cell-cycle (Fig-
ures S2F and S2G) or proliferation rate (Figure S2H) in all
three knockout clones with respect to the parental cell
lines, which displayed overall comparable population
doubling times (Figure S2I).
Similarly to previously reported knockout models (Lya-
shenko et al., 2011; Raggioli et al., 2014; Wray et al.,
2011), complete b-catenin loss did not show any additional
defects of NANOG and OCT4 pluripotency marker expres-
sion as their localization (Figure 2G) and expression levels
(Figure S2C and S2D) remained similar to the parental
E14 cell line in all the analyzed clones.
The addition of small-molecule inhibitors of GSK3 activ-
ity has been reported to promote mESC pluripotency and
self-renewal, while inhibiting spontaneous differentiation,
by increasing b-catenin levels and activating the expression
of Wnt target genes (Sato et al., 2004).
We therefore monitored the morphological and tran-
scriptional response of b-catenin knockout clones to
CHIR99021 (Chiron), a selective small-molecule inhibitor
of GSK3. Wild-type and knockout cells were cultured in
serum/LIF supplemented with 3 mM Chiron or vehicle
(DMSO 0.3 mL/mL). After 72 h of Chiron treatment, wild-
type cells acquired a homogeneous round morphology
with tight colony boundaries, while Eb11, Eb15, and
Eb47 mESCs did not show any major morphological
changes with respect to vehicle (Figure 2H), confirming
that morphological changes induced by GSK3 inhibition
are mediated by b-catenin (Wray et al., 2011). Morpholog-
ical defects were only evident when cells were reaching
>50% confluency (Figure 2H, vehicle), while b-catenin
knockout clones were indistinguishable from wild-type
E14 if plated at clonal density (Figure 2I, vehicle).
These data suggest thatDN b-cat isoforms are biologically
inactive as complete b-catenin depletion does not result in
any additional phenotypic defect with respect to previ-
ously characterized knockout models.
Next, we assessed the colony formation capacity and AP
expression of wild-type and b-catenin knockout cells in
response to GSK3 inhibition. Cells were plated at clonal
density and, while cultured in serum/LIF in presence of
vehicle, wild-type E14 and b-catenin knockout clones
were all positive for AP expression, although b-catenin6 Stem Cell Reports j Vol. 15 j 1–16 j September 8, 2020knockout cells displayed a slightly lower AP staining inten-
sity (Figures 2I, S2J, and S2K). In presence of Chiron,
however, wild-type cells dramatically increased AP staining
intensity. By contrast, AP staining intensity in b-catenin
knockout cells was only moderately increased in response
to Chiron treatment, probably as the result of slightly
increased colony compaction (Figures 2I, S2J, and S2K).
In addition, the AP transcript (Alpl) was upregulated upon
Chiron treatment only in wild-type cells (Table S1, WTC/
WTV differentially expressed genes [DEGs], row 89).
We then assessed the transcriptional response to GSK3
inhibition in wild-type and b-catenin knockout clones
upon 72 h of Chiron treatment through qRT-PCR. As ex-
pected, b-catenin mRNA levels were undetectable in all
knockout clones and remained unchanged upon Chiron
treatment in wild-type cells. Instead, canonical Wnt tar-
gets such as Axin2 and Sp5 showed comparable levels be-
tween wild-type and knockout cells, while their expres-
sion was activated only in wild-type in response to
Chiron treatment (Figure 2J). Of note, slightly higher
levels of Cdx1 mRNA were found in all knockout clones
in basal conditions with respect to wild-type cells. In addi-
tion, although the absence of b-catenin severely impaired
Cdx1 upregulation upon Chiron treatment, it did not
completely abrogate it, suggesting that downstream tar-
gets of GSK3 contribute to partially regulate its expression
(Figure 2J).
b-Catenin Ablation Promotes a Weak Upregulation of
Primitive Endoderm Genes
According to previously published works, the canonical
Wnt pathway is active in mESCs (Ten Berge et al., 2011)
and b-catenin nuclear translocation reinforces the pluripo-
tency network by upregulating pluripotency genes such as
Nanog, Esrrb, or Tcfp2l1 (Martello et al., 2012; Pereira et al.,
2006; Qiu et al., 2015) mainly by inhibiting TCF3 repres-
sive activity on their promoters (Pereira et al., 2006). Based
on this model, a reasonable consequence of b-catenin abla-
tion would be the increase in TCF3 repressive activity on
core-pluripotency network genes with an expected destabi-
lization of self-renewal and pluripotency features. Com-
plete b-catenin loss did not, however, affect Tcf3 levels or
its subcellular localization pattern (Figure S2L), suggesting
that, in absence of exogenous WNT3A or GSK3 inhibitors,
b-catenin does not control TCF3 activity. On the other
hand, a previous b-catenin knockout model did not reveal
major transcriptomic defects (Lyashenko et al., 2011); due
to the lack of characterization of truncated isoforms, a
possible explanation for this apparently controversial
phenotype could be that DN b-cat isoforms retain some
of the functions of the full-length counterpart, as recently
proposed in pre-implantation embryo development (Mes-
serschmidt et al., 2016).
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E14 parental cell line and the Eb47 knockout clone through
high-throughput RNA sequencing (RNA-seq) in cells
cultured in serum/LIF culture conditions upon treatment
with either vehicle (0.3% DMSO) or 3 mM Chiron for
72 h (Figure 3A). Since the impact of complete b-catenin
loss in mESCs has never been assessed before at transcrip-
tomic level, we designed an assay to study, through
different comparisons between samples, the b-catenin
and GSK3-dependent transcriptional changes in mESCs
(Figure 3A). As expected, b-catenin was not detectable at
transcriptional level in Eb47 clone (Figure S3A), confirming
the difference with previous knockout models in which
b-catenin mRNA was still detectable (Figure 1F).
The transcriptomic profile of E14 wild-type cells cultured
in serum/LIF (WTV), was overall very similar to Eb47, inde-
pendently if cultured in presence of vehicle (KOV) or Chi-
ron (KOC), while E14 wild-type cultured in presence of
3 mMChiron (WTC) clustered away from all the other sam-
ples in the samples distance matrix (Figure 3B). Principal
component analysis (PCA) showed that the highest
amount of variancewas due toGSK3 inhibition in presence
of b-catenin (WTC samples), while only subtle differences
could be spotted between KOC, KOV, and WTV samples
(Figure 3C). These results confirmed that, similarly to
what was observed in b-catenin knockout models produc-
ing N-terminally truncated isoforms (Lyashenko et al.,
2011), b-catenin absence does not significantly alter the
transcriptional profile of serum/LIF cultured mESCs.
We then analyzed differential expressed genes (DEGs)
across different samples/treatments, considering a
threshold for adjusted p value <0.05 and absolute log2
fold change >0.5 (logFC, defined as the log ratio of a tran-
script’s expression values in two different conditions).
Upon b-catenin depletion, 286 genes were differentially ex-
pressed with respect to E14 cells cultured in serum/LIF +
vehicle (WTV/KOV comparison, of which 192 upregulated
and 94 downregulated; Figures 3D and S3B and Table S1),Figure 3. b-Catenin Depletion Produces Minor Changes at Transcr
(A) Schematic representation of experimental design for RNA-seq anal
in serum/LIF upon 72-h vehicle (0.3% DMSO, V) or Chiron 3 mM (C) t
Pairwise sample comparisons are indicated as control/treatment.
(B) Sample distance matrix and hierarchical clustering of biological r
(C) PCA plot of indicated samples.
(D) Histogram of differentially expressed genes across pairwise com
pressed genes; shades of blue indicate downregulated genes. Shade in
cutoff, light), to absolute log fold change >2 (dark). Adjusted p valu
(E) Top differentially expressed genes in WTV/KOV comparison ranked
(F) GO analysis of biological processes enriched in differentially expres
logFC >0.5). Upregulated features are shown in red, downregulated fe
(G) Histogram of RNA level (counts per million reads [CPM]) of canon
gray) or KOV (light gray and white) samples. Individual replicates are
8 Stem Cell Reports j Vol. 15 j 1–16 j September 8, 2020and only 11 genes displayed a logFC higher than 2. Genes
such as Fgfr2,Dab2, Pdgfra, andGata4were slightly upregu-
lated upon b-catenin depletion, although with very low
fold changes (between 1.2- and 2-fold enrichment), sug-
gesting a partial priming toward primitive endoderm
(PrE), while Neurexin 3 (Nrxn3) was downregulated (Fig-
ure 3E). We then performed Gene Ontology (GO) analysis
on WTV/KOV DEGs (adjusted p value <0.05, logFC >
0.5); both upregulated and downregulated DEGs were en-
riched for developmental categories such as multicellular
organismdevelopment and systemdevelopment (Figure 3F
and Table S2). Surprisingly, b-catenin depletion did not
alter the expression of canonical Wnt target genes such as
Axin2, Sp5, Cdx1, or T/Brachyury (Figure 3G), suggesting
that canonical Wnt pathway is not transcriptionally active
inmESCs cultured in serum/LIF, although b-catenin is high-
ly expressed (Figure S3A). These results are in line with pre-
vious reports that failed to identify activity of the TOP/FOP
reporter in serum/LIF cultured mESCs (Aulicino et al.,
2014; De Jaime-Soguero et al., 2017; Faunes et al., 2013),
while they stand at odds with the evidence that the Wnt/
b-catenin pathway is active in the inner cell mass of the
blastocyst, and the canonical Wnt signaling is required
for mESC self-renewal in serum/LIF (Ten Berge et al., 2011).
Finally, when analyzing the expression levels of key line-
age markers, we could not detect any change in pluripo-
tency genes, while a slight overexpression of PrE lineage
markers (Gata4, Gata6, Foxa2, Dab2, Ihh, Cerberus, and
Pdgfra) was observed independently of Chiron treatment
in absence of b-catenin (Figure S3C, bottom).
As colony formation and AP staining phenotypes are
slightly ameliorated in b-catenin knockout mESCs in pres-
ence of Chiron with respect to vehicle (Figures 2I and S2J),
we asked whether GSK3 inhibition per se could alter the
transcriptome of mESCs independently of b-catenin. To
address this question, we compared Eb47 cells cultured in
presence of vehicle (KOV) or 3 mM Chiron (KOC) for 72h
(KOV/KOC comparison). Chiron treatment only resultediptomic Level
ysis. E14 parental cells (WT) or Eb47 cells (knockout) were cultured
reatment. Two biological replicates were analyzed for each sample.
eplicates (rep_1 and rep_2) for WTV, WTC, KOV, and KOC samples.
parisons as indicated in Figure 3A. Shades of red indicate overex-
tensity represents log fold-change cutoff from >0 (no fold-change
e cutoff is 0.05.
for log fold change. Adjusted p value <0.05.
sed genes in WTV/KOV comparison (adjusted p value <0.05, absolute
atures are shown in blue.
ical Wnt target genes and components across WTV (black and dark
shown for each sample.
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were overall very similar (Figures 3B and 3C). Only 254
genes were differentially expressed in cells lacking b-cate-
nin and exposed to GSK3 chemical inhibition, again with
overall low fold change (p value adjusted <0.05 and logFC
>0.5, of which 124 upregulated and 130 downregulated)
(Figures 3D and S3B and Table S1). Upregulated genes
were enriched for biological processes such as stress
response and metabolic features, while downregulated
genes were enriched for metabolic and developmental pro-
cesses (Figure S3D and Table S3). Nevertheless, the slight
transcriptional changes induced by Chiron in absence of
b-catenin revealed a certain degree of overlap with canoni-
cal Wnt target genes (Figure S3E). Canonical target genes
such as Myc or Axin2 were slightly inhibited by Chiron
treatment in absence of b-catenin as well as Tcf3 (Tcf7l1)
mRNA levels (Figure S3F). These data confirm, as previously
demonstrated (Doble et al., 2007), that GSK3 inhibition
has little or no effect on mESC transcriptional landscape
independently of b-catenin. Of note PLAKOGLOBIN can
partially mimic b-catenin function (Mahendram et al.,
2013), but, although PLAKOGLOBIN protein levels are up-
regulated in b-catenin knockout cells (Figures 2E, S2C, and
S2D), PlakoglobinmRNAwas not found among the differen-
tially expressed genes upon b-catenin loss, suggesting the
existence of a post-translational regulation mechanism
for PLAKOGLOBIN that relies on b-catenin levels. In addi-
tion, our data demonstrate that Plakoglobin cannot replace
nuclear b-catenin functions in response to Chiron in
mESCs as no major transcriptional changes were observed
in KOV/KOC comparison and, among the canonical Wnt/
b-catenin targets, inhibition rather than activation was
observed at best (Figures S3E and S3F).
Canonical Wnt Signaling Inhibits Differentiation of
mESCs Toward Ectoderm
Although we assessed that the transcriptional effects of
Chiron in absence of b-catenin are negligible, the DEGs
in the KOC/WTC comparison were dependent solely on
the presence of b-catenin. A similar approach has been
used previously (Zhang et al., 2013) by comparing mESCs
treated with Chiron or XAV (a small-molecule inhibitor
of the Wnt pathway) without considering possible off-
target effects of both drugs. Our experimental approach,
instead, allowed us to decouple b-catenin-dependent tar-
gets (DEGs in KOC/WTC) from GSK3-only-dependent tar-
gets (DEGs in KOV/KOC).
The highest number of DEGs between comparisons rep-
resented as control/treatment was found in theWTV/WTC
(1,157 DEGs, 476 upregulated, 681 downregulated) and in
the KOC/WTC (1,259 DEGs, 437 upregulated, 822 downre-
gulated) comparisons (Figures 3D and S3B and Table S1).
Wild-type mESCs treated with Chiron clustered far apartfrom all the other conditions, as assessed by sample dis-
tance matrix PCA (Figures 3B and 3C). Numerous reports
associated Wnt activation with transcriptional activation
of Nanog, Klf4, Esrrb, and Tcfp2l1 in mESCs (Ai et al.,
2016; Martello et al., 2012; Pereira et al., 2006; Qiu et al.,
2015). However, with the exception of a slight Tcfp2l1 up-
regulation andDppa3 downregulation, we were not able to
identify any change at transcriptional levels of pluripo-
tency marker genes upon Chiron treatment in wild-type
cells (Figure S3C). Accordingly, we previously showed
that Nanog, Oct4, and Rex1 levels do not change in mESCs
even upon prolonged (up to 8 passages) exposure toChiron
(De Jaime-Soguero et al., 2017). Nevertheless, lineage
markers such as Pax6, Fgf1, Nes, Otx2, Lefty1, and Pou3f1
were strongly inhibited by Chiron treatment in presence
of b-catenin, indicating an overall reduction of differentia-
tion commitment toward the ectoderm lineage (Fig-
ure S3C). Conversely, canonical Wnt target genes required
for trophectoderm and mesoderm specification, including
Cdx1, T/Brachyury, and Eomes, were strongly upregulated
upon Chiron treatment.
We then clustered the top 100 DEGs in the KOC/WTC
comparison across the various samples (Figure 4A). As ex-
pected, sample clustering did not change with respect to
previous analysis (Figures 3B and 3C) and canonical Wnt
targets such asAxin2,Cdx1, and T/Brachyurywere only acti-
vated in wild-type cells treated with Chiron, while few or
no differences were observed in the other samples (Figures
4A and 4C). Furthermore, this subset of genes was tran-
scriptionally perturbed only in presence of both Chiron
and b-catenin, once again confirming that the canonical
Wnt pathway is not active in mESCs cultured in serum/
LIF unless an external stimulus (i.e., chemical GSK3 inhibi-
tion) is applied (Figure 4A).
We next asked about the nature of transcriptional
changes induced by GSK3 inhibition in presence of b-cate-
nin. We focused once again on the KOC/WTC comparison
and performed KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways enrichment and gene ontology
(DEGs, KOC/WTC, adjusted p value 0.05, logFC > 0.5, Fig-
ures 4B and 4D and Table S5). Interestingly, Chiron treat-
ment led to a perturbation ofTcf/Lefs levels, with the down-
regulation of Tcf3 (Tcf7l1) and the upregulation of Tcf1
(Tcf7) (Figure 4C). Furthermore, downregulated genes
were strongly enriched for the mitogen-activated protein
kinase (MAPK) signaling pathway (Figure 4B) and for focal
adhesion. Both upregulated and downregulated genes were
enriched for biological process categories associated with
development. Nevertheless, the enrichment was stronger
among DEGs downregulated upon Chiron treatment (Fig-
ure 4D and Table S5), confirming the general inhibition
of spontaneous differentiation induced by the coupled ac-
tion of GSK3 inhibition and b-catenin.Stem Cell Reports j Vol. 15 j 1–16 j September 8, 2020 9
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Inhibit Differentiation in Absence of LIF
Previous reports have shown that transcriptional activity of
b-catenin is dispensable for mESC self-renewal (Lyashenko
et al., 2011; Wray et al., 2011). In order to validate or
disprove these findings, we generated lentiviruses carrying
different b-catenin isoforms. In addition to the full-length
b-catenin (wild-type [wt] bcat), an N-terminally truncated
(DN b-cat) and a C-terminally truncated isoform (DC
b-cat) were generated. While DN b-cat isoforms mimic the
isoforms generated from previous knockout models (Mes-
serschmidt et al., 2016), DC b-cat carries a deletion of the
transactivation domain, which results in an impaired tran-
scriptional activity (Figure 5A).
Eb47 cells were transduced with a lentivirus carrying the
different b-catenin isoforms under the constitutive EF1a
promoter, or an empty lentivirus as a control (EV). Upon
isoform expression, we studied protein subcellular localiza-
tion and expression levels usingN-terminal andC-terminal
antibodies against b-catenin. N-terminally truncated b-cat-
enin isoforms were only detected with the C-terminal
raised antibody, and their subcellular localization recapitu-
lated the one observed in previous knockout models (Fig-
ures 5B and 1C). Furthermore, as in DN b-cat isoforms
emerging from previous knockout models, the overall DN
b-cat levels were reduced, as compared to total b-catenin
levels in wild-type cells (Figure 5C).
The expression and localization of DC b-cat and wt b-cat
rescue isoforms were overall comparable, with intense
membrane localization and similar expression levels (Fig-
ures 5B and 5C). Interestingly, expression of DC and wt
b-cat, but not DN b-cat, restored normal Plakoglobin levels
(Figures 5C, 5D, and S4A), indicating that impaired mem-
brane functions, but not the transcriptional ones, are
responsible for the increased Plakoglobin levels in b-cate-
nin knockout cells. Similarly, DN b-cat isoforms could not
rescue the loss of morphological changes induced by Chi-
ron treatment, while both DC and wt rescued Eb47 cells ex-
hibited a round morphology (Figure 5E) indistinguishable
from E14wild-type cells uponChiron addition (Figure 2H).
Upon GSK3 inhibition, however, eGFP expression underFigure 4. RNA-Seq Analysis of b-Catenin-Dependent Differential
(A) Heatmap clustering of the top 100 differentially expressed genes
value adjusted <0.05, absolute logFC >0.5). Minimum and maximum a
logCPM rescaled on each gene for their Z scores (average of the values
or negative deviations from the average).
(B) GO analysis of KEGG pathway categories enriched in differentially e
absolute logFC >0.5).
(C) Histogram of CPMs of canonical Wnt target genes and componen
logical replicates are shown.
(D) GO analysis of biological processe categories enriched in differe
<0.05, absolute logFC >0.5).the control of the synthetic Wnt reporter was only detect-
able in wild-type rescued Eb47, confirming that both DN
andDC b-cat isoforms are transcriptionally impaired for ca-
nonical Wnt signaling (Figure S4B).
We next assessed the colony formation capacity and AP
expression of rescued b-catenin knockout cells in different
culture conditions. In serum/LIF, only DC b-cat and wt
b-cat rescued Eb47 cells recapitulated the parental E14 cells
phenotype, whileDN b-cat overexpression did not alter the
phenotype with respect to empty vector transduced cells
(EV, Figure S4C, top panel). Eb47 showed impair clonoge-
nicity and self-renewal, in line with previously published
knockout models. In serum-free media, Eb47 could not be
expanded in PD + LIF, Chiron + LIF, or PD + Chiron (2i),
but could self-renew in 2i/LIF; again, DN b-cat rescued
Eb47 cells did not show any improvement of AP expression
or self-renewal (Figure S4C, bottom panel). As previously
reported, both DC b-cat and wt b-cat isoforms restored
self-renewal and AP staining intensity defects (Figure S4C,
bottom panel), suggesting that canonical Wnt pathway ac-
tivity is dispensable for self-renewal in these culture
conditions.
However, nuclear b-catenin activity appears to be
required for inhibition of differentiation in serum and in
absence of LIF (Ogawa et al., 2006; Sato et al., 2004). There-
fore, we performed clonal assay and AP staining of Eb47
rescued cells in serum without LIF. While all the cell lines
quickly differentiated in absence of LIF, Chiron treatment
maintained AP staining in DC b-cat and wt b-cat rescued
cells, but not in DN b-cat rescued Eb47 (Figures 5F and
S4D). Furthermore, DC b-cat expression only partially
rescued AP staining, indicating that canonicalWnt activity
is required to counteract spontaneous differentiation upon
LIF withdrawal.
These results suggest that the inhibition of spontaneous
mESC differentiation in the absence of LIF could be due to
combined nuclear and membrane-associated b-catenin
functions. However, while theDC b-cat isoform fails to acti-
vate the synthetic Wnt reporter (Figure S4B), it has previ-
ously been observed that the DC b-cat isoform exhibit a
certain degree of transcriptional activity, despite lackingly Expressed Genes
in KOC/WTC comparison across KOV, KOC, WTV, and WTC samples (p
re scaled across conditions on single genes; the heatmap represents
is the center of a normal distribution; color codes represent positive
xpressed genes in the KOC/WTC comparison (p value adjusted <0.05,
ts differentially expressed in KOC/WTC comparison. Individual bio-
ntially expressed genes in KOC/WTC comparison (p value adjusted
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Figure 5. Canonical b-catenin Functions Are Required for Inhibition of Differentiation
(A) Schematic representation of b-catenin isoforms used for rescue experiments. N-terminally (DN b-cat) truncated b-catenin isoform
mimics N-terminally truncated b-catenin isoforms obtained in previously published knockout models.
(legend continued on next page)
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explanation could be that DC b-cat isoforms still interact
with TCF3 and, like the full-length b-catenin, alleviate
TCF3-mediated repression on a subset of target genes
(Wray et al., 2011). On the other hand, it has been reported
that DC b-cat isoforms can still form a transcriptionally
active complex in association with LEF1 (Hsu et al., 1998)
or TCF1. We therefore silenced Lef1 or Tcf1 in Eb47 cells
rescued with either full-length or DC b-cat (Figure S4E)
and assessed AP staining intensity upon exposure to
vehicle or Chiron in absence of LIF. Tcf1 or Lef1 depletion
efficiently reduced the number of AP colonies formed in
response to Chiron treatment in DC b-cat rescued cells
and, to a lesser extent, also in wild-type b-catenin mESCs
(Figures 5G and S4F).
These results suggest that DC b-cat could still interact
with TCF1 and LEF1, and that nuclear b-catenin/TCF/LEF
functions could be required to inhibit mESC spontaneous
differentiation in the absence of LIF, while the mem-
brane-associated b-catenin functions may have little or
no role in this phenotype.DISCUSSION
In this work, we showed that the inducible b-catenin
knockout models currently available result in the pro-
duction of N-terminally truncated isoforms in mESCs.
While DN b-cat isoforms are not physiologically
expressed, their appearance is a consequence of rather
unpredictable gene rearrangement upon genetic manipu-
lation. By using CRISPR-Cas9 technology, we isolated
three mESC clones with no detectable b-catenin expres-
sion. Of note, only a paired sgRNA approach generating
a deletion encompassing the whole b-catenin gene body
was successful in generating knockout alleles (10-kb(B) Immunofluorescence of Eb47 cells transduced with lentiviral vecto
C-terminally (DC b-cat) truncated b-catenin isoforms. Cells were st
antibodies. Nuclei were counterstained with DAPI.
(C) Western blot of total protein extracts from E14 and Eb47 untransd
b-cat encoding lentiviruses. Membranes were probed with N-termin
GLOBIN. TUBULIN was used as loading control. Scale bar represents 5
(D) Immunofluorescence of Eb47 cells transduced with EV, DN b-cat,
PLAKOGLOBIN. DAPI was used to counterstain nuclei (Scale bar repre
(E) Phase contrast pictures of Eb47 cells transduced with EV,DN b-cat
LIF in presence of 3 mM Chiron or vehicle (0.3% DMSO). Scale bar rep
(F) AP staining quantification of E14 and Eb47 untransduced cells or E
lentiviruses. Cells were plated in serum without LIF and supplemente
represent standard error of three biological replicates. Student’s t te
indicate p value (n.s. = not significant, *p < 0.05, **p < 0.01, ***p
(G) AP staining of Eb47 cells transduced with either wt bcat orDC b-ca
encoding short hairpins against Lef1 (shLef1), Tcf1 (shTcf1), or shCTR.
or vehicle (0.3% DMSO) for 1 week and stained for AP expression. Errgenomic DNA deletion), while standard strategies (ORF
shifting and microdeletion) only produced DN-truncated
isoforms at best. As CRISPR-Cas9 is boosting genetic
engineering, the production of undesired isoforms with
potential gain of functions, which could undermine all
the conclusion of a study, should be carefully monitored
and avoided. For this reason, we foresee that whole-gene
deletion using CRISPR-Cas9 will be an advantageous
approach for generating knockout models free of unde-
sired side products.
We assessed that the appearance of DN b-cat isoforms in
previously published b-catenin knockout mESC models is
not detrimental for their phenotype, as no compensatory
or overlapping effects were to be attributed to the truncated
proteins. In addition, none of the impaired phenotypes
observed upon complete b-catenin loss could be rescued
by a DN b-cat isoform, thus recapitulating the phenotype
observed in the previously generated knockout models
(Lyashenko et al., 2011; Wray et al., 2011).
b-Catenin depletion does not alter self-renewal and plu-
ripotency marker expression of mESCs under serum/LIF
culturing conditions, with expected morphological
changes probably rescued by Plakoglobin stabilization.
Moreover, b-catenin depletion also does not alter the
expression of known canonical Wnt targets in basal
culturing conditions, suggesting that the Wnt/b-catenin
pathway is not constitutively active in mESCs cultured in
feeder-free media supplemented with serum/LIF. Accord-
ingly, b-catenin loss does not globally alter the transcrip-
tional profile of mESCs but induces a mild activation of
PrE marker genes. The latter phenotype, coupled to the
absence of self-renewal and proliferation defects in
serum/LIF, could either not be significant or could poten-
tially highlight the presence of a rare population of termi-
nally differentiated cells committed toward PrE that cannot
withstand b-catenin absence.rs encoding empty vector (EV), wild-type (wt b-cat), DN b-cat, and
ained with N-terminally (red) and C-terminally (green) b-catenin
uced cells and Eb47 transduced with EV, DN b-cat, DC b-cat, and wt
ally or C-terminally raised b-catenin antibodies and anti-PLAKO-
0 mm.
DC b-cat, or wt b-cat encoding lentiviruses. Cells were stained for
sents 50 mm).
, DC b-cat, or wt b-cat encoding lentiviruses and cultured in serum/
resents 100 mm.
b47 transduced with EV, DN b-cat, DC b-cat, or wt b-cat encoding
d with 3 mM Chiron (right) or vehicle (0.3% DMSO, left). Error bars
st was used to measure statistical significance as indicated, stars
< 0.001).
t encoding lentiviruses. Cells were further transduced with lentivirus
Cells were cultured in serum without LIF in presence of 3 mM Chiron
or bars represent standard error of three biological replicates.
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transcriptional Wnt response in wild-type cells, while elicit-
ing little or no response on b-catenin knockout mESCs, sug-
gesting that Plakoglobin upregulation cannot recapitulate
nuclear b-catenin functions. Nevertheless, activation of
the canonical Wnt pathway shields mESCs from sponta-
neous epiblast/ectoderm differentiation by suppressing the
expression of lineage-specific genes and not by enhancing
the expression levels of pluripotency factors. This effect is
particularly evident when cells are deprived of LIF, suggest-
ing overlapping functions between LIF and Wnt signaling
in mESC self-renewal. With respect to these functions, Chi-
ron treatment can prolong, but not indefinitely sustain,
mESC self-renewal in the absence of LIF. This phenotype is
abrogated by b-catenin loss but can be rescued by wild-
type b-catenin and, to a lesser extent, by DC b-cat isoforms,
posing the question of whether nuclear b-catenin functions
are truly required for differentiation inhibition. We demon-
strated that TCF1 and LEF1 are involved in the observed
phenotypes, as their depletion further impairs the colony
formation capacity and AP staining of both wild-type and
DC rescued b-catenin knockout cells. These results suggest
that DC b-cat isoforms are not completely transcriptionally
silent and can still interact not onlywithTCF3 (as previously
suggested byWray et al., 2011) but alsowithother TCF/LEFs;
we cannot, however, exclude that other regulatory mecha-
nisms might be involved. Finally, we proved that activation
of the canonical Wnt pathway sustains mESC self-renewal
through inhibition of spontaneous differentiation; nuclear
b-catenin functions, in association with TCF/LEF family
members, could play a role in this phenotype.
In the future, it will be particularly interesting to further
investigate the transcriptional response ofDC-rescued b-cate-
nin knockout cells to Chiron, as it could pinpoint a subset of
powerful transcriptional targets truly responsible for Wnt-
mediated self-renewal enhancement. In addition, since
most of the observed pluripotency phenotypes are inevitably
dependentonthe specificcultureconditionsweused (mostly,
serumbased and feeder freeusinggelatin coating), itmightbe
of interest toextendthe resultspresented in thiswork to study
pluripotency phenotypes upon b-catenin deletion in serum-
free media and MEK1/2 and GSK3b inhibitors (e.g., 2i/LIF),
which can confer ground-state cell pluripotency to mESCs
(Yinget al., 2008); notably, 2i/LIF culturedmESCs should bet-
ter resemble in vivo features observed in the inner cellmass in
the pre-implantation embryo, where Wnt signaling is active
(De Jaime-Soguero et al., 2018; Ten Berge et al., 2011).EXPERIMENTAL PROCEDURES
Detailed experimental procedures are provided in Supplemental
Information.14 Stem Cell Reports j Vol. 15 j 1–16 j September 8, 2020Cell Culture
mESCs E14 (129/Ola strain) were cultured on gelatin-coated plates
in ESC medium: DMEM supplemented with 15% FBS (Hyclone),
13 non-essential amino acids, 13 GlutaMax, 13 penicillin/strep-
tomycin, 13 2-mercaptoethanol, and 1,000 U/mL LIF ESGRO
(Chemicon). mESCs cultured in serum + LIF medium were re-
plated every 3 days at a split ratio from 1:30 following dissociation
with trypsin 0.05% EDTA (Gibco). mESCs containing floxed alleles
of b-catenin were a kind gift of Prof. Rolf Kemler (SR18 and NLC1
cell lines, stably expressing CRE-ERT2) and Prof. Christine Hart-
mann (NLb-12tm4Wbm fl/fl and del/del cells).
For serum-free cultures, mESCs were cultured without feeders or
serum in pre-formulated N2B27 medium (NDiff N2B27 base me-
dium, Stem Cell Sciences Ltd, cat. no. SCS-SF-NB-02) supple-
mented with small-molecule inhibitors PD0325901 (PD, 1 mM,
Selleck) and CHIRON99021 (CH, 3 mM, Selleck) and 1000 U/mL
LIF (ESGRO, Millipore). Cells were routinely propagated on 0.1%
gelatin-coated plastic and re-plated every 3 days at a split ratio of
1 in 10 following dissociation with Accutase (Gibco) as previously
reported (Wray et al., 2011).
Human embryonic kidney 293t (HEK293t) were purchased from
ATCC (293T; ATCC CRL-3216) and cultured in DMEM supple-
mented with 10% FBS (Hyclone), 13 penicillin/streptomycin.
HEK293t were re-plated every 3 days at a split ratio of 1 in 6
following dissociation with trypsin 0.05% EDTA (Gibco, Life
technologies).RNA-Seq and Data Analysis
Total RNA from mESCs was extracted wit RNAeasy kits (Qiagen)
following manufacturer’s instructions. RNA integrity check, Poly-
A pulldown, and library preparation were performed by CRG
genomic facility. Samples were sequenced in two biological repli-
cates to a depth of 30 million reads (100 bp) per sample using Illu-
mina HiSeq. Reads were mapped to a reference transcriptome
(mouse transcriptome from Ensembl v80) using kallisto (v0.42.5)
(Bray et al., 2016) to generate counts and transcripts per million
(TPM) values. We tested for differentially expressed genes for all
pairwise conditions using edgeR (Robinson et al., 2010) from raw
counts, filtering for genes with adjusted p value <0.05 and logFC
> 0.5. Table S1 reports the list of all DEGs across pairwise compar-
isons regardless of their logFC. GO and KEGG analyses were per-
formed using DAVID (version 6.7) (Huang da et al., 2009; Huang
et al., 2007) using differentially expressed genes with adjusted p
value <0.05 and logFC > 0.5. For each pairwise comparison, the
list of expressed genes in control and analyzed samples was ob-
tained by filtering out all the genes with zero counts in at least
one sample. Expressed genes for each pairwise comparison were
set as background universe to estimate enriched categories among
differentially expressed genes inDAVID (Timmons et al., 2015). A p
value threshold of 0.05 was set to determine enrichment of gene
ontology categories. Multiple test correction was not performed.Data and Code Availability
RNA-seq data that support the findings of this study have been
deposited in the NCBI/GEO database (https://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE143340.
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